
V63;UNITED STATES ENVIRONMENTAL PROTECTION AGENCY
\ REGION III
$ 1650 Arch Street
t Philadelphia, Pennsylvania 19103-2029

February 27, 2002

John Brzezenski
U.S. Army Corp of Engineers (US ACE)
10 South Howard Street
P.O.Box 1715
Baltimore, MD 21203-1715

RE: Galaxy/Spectron Superfund Site, Elkton, Maryland
Request for R. F. Weston Assist with PRAP

Dear Mr. Brzezenski:

EPA is currently developing a proposed remedial action plan (PRAP) for the Galaxy/Spectron Superfund Site.
Please have R. F. Weston investigate and develop the use of Hydrogen Release Compound (HRC) as an
alternative remedy for the site. The response should be formatted such that it way be utilized directly in the
PRAP.

The investigation should consider the following issues:
- Will HRC be effective on the type of contaminates on the site?
- Are the concentrations of contaminates too high for HRC to work effectively to reduce contamination?
- Are there other treatments that are better suited than HRC for the contaminates at Spectron?
- Are the conditions (I.E., permeability, etc) at Spectron favorable to use of HRC or other treatments?
- Should HRC be applied through many vertical wells at highly contaminated areas, or should a broader

site wide application through horizontal wells be used? Which is most cost effective?
- Can Horizontal well be placed at the top of the low permeability layer?
- Wil l the contaminates in the vadose zone be impacted if HRC is used? Does HRC create a biological

biosparge effect which may require collection of off gases from the vadose zone?

The alternative development should include:
- Demolition of all structures, tanks, and foundations above current asphalt grade;
- Rehabilitating current asphalt cap as required;
- removal of stored soils currently under canopy roof if found to be contaminated or in the alternative use

of those soils as cover;
- Regrading site over existing cap with 24 inches of clean fill cover;
- vertical well investigation to determine best location to apply HRC
- Breakdown of all estimated costs for all of the above
- Time line estimate to accomplish all of the above.

If you have any questions please feel free to contact me at (215) 814-3451.

Sincerely,

Sanchez
Remedial Project Manager

cc: David Pohl, PhD, RF Weston

Customer Service Hotline: 1-800-438-2474 fl R 3 0 3 0 8 7



DRAFT
Spectron Notes in Response to 27 February 2002 Letter

(6 March 2002)

The investigation should consider the following issues:

a. Will HRC be effective on the type of contaminates on the site?

Yes, on dissolved phase. It would also increase rate ofDNAPL dissolution. The
difficult issue is the unknown amount ofVOC mass present at the site.

b. Are the concentrations of contaminates too high for HRC to work effectively to
reduce contamination?

Available literature indicates probably not.

c. Are there other treatments that are better suited than HRC for the contaminates at
Spectron?

Others that should be considered:

" ISB with sodium lactate.
• Chemical oxidation.
• Steam injection.
• Surfactant flushing.

d. Are the conditions (I.E., permeability, etc.) at Spectron favorable to use of HRC
or other treatments?

The combination of fractured rock and DNAPL makes the conditions complex but
does not necessarily preclude the use of in situ remediation technologies for
source mass reduction. However, the remediation objective should not be to meet
a specific groundwater concentration, which may not be an attainable goal at this
site.

e. Should HRC be applied through many vertical wells at highly contaminated areas,
or should a broader site-wide application through horizontal wells be used?
Which is most cost effective?

Horizontal wells installed into the fractured metamorphic bedrock at this site
would be difficult and expensive. HRC has been applied with vertical wells,
vertical direct-push, and horizontal direct-push methods. The best approach for
this site would probably be vertical open-hole wells with packer injection in the
bedrock (Earth Data, Inc. has experience with this). If saturated overburden
treatment is needed, direct-push injection would probably be the best approach.

L:\ECON\ECON_530\FOLDERS.S-Z\Spectron\Resp to 2-27 Itr.doc
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f. Can Horizontal well be placed at the top of the low permeability layer?

Probably not realistically.

g. Will the contaminates in the vadose zone be impacted if HRC is used? Does HRC
create a biological biosparge effect which may require collection of off gases
from the vadose zone?

(W^
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Accelerated Bioremediation of Chlorinated Solvents - ITRC/RTDF
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Accelerated Bioremediation of Chlorinated Solvents - ITRC/RTDF

Why Bioremediation?

Because chlorinated solvents biodegrade
Biodegradation can accelerate dissolution
and reduce cleanup time
Cleanup occurs in place; contaminants
are not transferred in location or phase
May be a cheaper alternative

Bioremediation Myths

Bioremediation is the cheapest remedy
Only dissolved plumes can be treated
VOCs are toxic to microorganisms at high
concentrations
Bioaugmentation doesn't work

Section 1
f l R 3 0 3 0 9 2



Description

Specifications

Applications

Packaging

Storage

TECHNOLOGIES
a \, ft

TMWIL CLEAR
Sodium Lactate

For Bioremediation Applications

JRW Technologies' WILCLEAR™ Sodium Lactate for bioremediation is a clear, slightly
viscous l iquid that is 60% solids by weight in USP purified water. W U X ' L K A R ™
Sodium Lactate provides the lowest metals content, as measured by a nationally
recognized analytical laboratory, of any sodium lactate available and exceeds US
Pharmacopoeia standards. It is the only sodium lactate that meets all pr imary MCL's
(maximum contaminant levels) for d r ink ing water in a 60% form, thus minimiz ing
concern for underground injection.

Sodium Lactate, % by wt,
H,O
pH
Color, APHA
Iron, ppm
Heavy Metals, ppm
Specific Gravity
Chloride, ppm
Citrate, Oxalate,

Phosphate, Tartrate
Sulfate
Sugars
Methanol, Methyl Esters (ppm)
Sodium, %
Odor

Specification
60+J.2
40+.1.2
7.0 + 0.5
25 max.
2 max
!0 max

1.3100-1.3400
500 max

none detected
none detected
none detected

250 max
12.3 +0.2

Practically odorless

WILCLEAR™ Sodium Lactate is used to enhance the microbial activity in situ for
biodegradation and reduction of chlorinated solvents. Technical support for
bioremediation applications is provided through an exclusive agreement with SRP
Technologies, developers of Bioavailability Enhancement Technology (B.E.T.™), patent
pending).

55 gallon (600 Ibs. Net) Polyethylene Drums: 2.850 Ib IBCs

Store unopened under dry conditions at ambient temperatures.
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TECHNOLOGIES

BicxRedox TM

WILCLEAR™
High Purity Sodium Lactate Solution

A Biofledox™ Product

For

In Situ Bioremediation of Groundwater

LOW COST, LOW MAINTENANCE SOLUTION FOR TREATMENT OF
CHLORINATED SOLVENT CONTAMINATION
TREATS SOURCE AREAS USING BIOAVAILABILITY ENHANCEMENT
TECHNOLOGY (B.E.T.™, PATENT PENDING)
SINGLE INJECTIONS SHOWN TO ENHANCE BIOLOGICAL ACTIVITY FOR
AT LEAST 2 MONTHS
PHARMACEUTICAL-GRADE ELECTRON DONORS FACILITATE
BIODEGRADATION OF CHLORINATED ETHENES
STIMULATES ANAEROBIC BIOREMEDIATION BY INDIGENOUS
MICROORGANISMS IN THE SUBSURFACE THAT USE CHLORINATED
ETHENES AS ELECTRON ACCEPTORS
WILCLEAR™ PROVIDES THE MOST UNIVERSALLY EFFECTIVE
ELECTRON DONOR TO SUPPORT CHLORINATED SOLVENT
DEGRADATION
WILCLEAR™ HAS BEEN SHOWN TO REDUCE CONTAMINANT
CONCENTRATIONS TO LESS THAN MCL's IN A LARGE-SCALE FIELD
APPLICATION
WILCLEAR™ HAS THE LOWEST METALS CONCENTRATION AVAILABLE
(NO METALS EXCEED PRIMARY MCL's)
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Environ. Su. Technoi. 2001, 35, 2014 2021

Biologically-Enhanced Removal of
PCE from NAPL Source Zones
N A T H A N C O I ' h AND ! O S F . P H B . H U C I H H S *
Department of Ennwnmt'nicii Sn'enrc and Engineering.
Hice University, b 100 Mam Street, Houston, Te.tas 77005 1892

The influence of dechlorinating microorganisms on PCE
and its reduction products in a residual nonaqjeous phase
liquid (NAPU source zone was investigated. Experiments
were conducted in upftow columns containing glass beads
(diameters 500-750 ^m| contaminatad with a residual
NAPL consisting of tndecane and labeled WC-PCE Ttuee
columns were inoculated with a mixed PCE-decrtlorinating
culture, that was fad electron donor (pyruvate) at
concentrations ol 25, 100, and 250 mM. Pyruvate was
fermented in all columns with essentially no rrelhancgenic
activity. Comparisons between actively dechlorinating
columns and abiotic-PCE columns demonstrated that
jechiorination resulted in an increase in total PCE removal,
up to a factor of 16 over dissolution. PCE was sequentially
reducedlo trichloroethere, c/s-dicnioroethene, end
vinyl chloride without eUiene formation over the experimental
period in the two columns operated at the lower electron
donor levels. Total chlorinated ethenes removal for the
columns that retained dechlorinating populations was
enhanced from 5.0 to 6.5 times over the removal thai would
have resulted from dissolution alone. The system fed tho
highest pymvaie levels, interestingly, lost Dechlorinating
activity early in the experiment.

bitroductioi
Tetrachloroethene (HCt) ard trichloroethene ITU;.) are two
of the most prevalent contaminants in groundwaier ( \ . 2 ) .
Their low aqueous solubility and miscibiiity in organic co-
contaminants often lead to PCE aiidTCE contaminated sites
characterized by rhe presence of nonaqufcous phase liquid
;NAPL) source /.ones, that present unique remediation
challenges (3, 4). Pump and-treat systems alone have been
ineffective in the remediation of NAPL source zones (5).

Mlcrobial reductive dechlorination of PCE and TCE has
been investigated for nearly two decades (6-16), typically
focusing on the hiiirL'TTiediat ion of dissolved plumes (; ?, !8}.
Investigations into dechlorination-based source zone res-
toration have begun only recently (19, 20). Past efforts of
source-zone remediation have been concerned with the
potential tnxirity uf high contaminant concentrations nu tlic
microbial populations, hul several studies have cunfimu-d
biulogicat lierhlnrinaucm occurring tit aqueous saturation
I'Cbconcentraiions ami high concentrations of TCE (16,20-
23]. HalorpspiriiiR organisms might actually have an advan-
tage in environments nf high PCE and TOE concentrations,
such as NAPL source zones, where organisms normally

esiMinduii i . i i i l tHii piioue
)iunlir< '*''tii-i; i;d"- l.orre.ipondLns address- Department m

Sui'iKTiuid LIIK>III:VIIIIK< George H. Brown bchcuil of
. Kicc U I U V I ' I M I V . CIOO Mjin Slrtiel - M S y i 7 , Honsinn,

competing with them for energy sources arc nut able to thrive

In NAPL source /ones wheie dechlorinatjon activity is
not ubst-rved, the raio of chlorinated solvent n-moval is
cc ni i ollod by di ssolu tion. PechiQrinatig_n__t;aii_sfrvp to
:ncrea;.p observed dissolution rates by decreasing chlorinated

^
thereby increasing thej3ygrall_niass-_transfer_ri»ej_inio the
aqueous phase (Zfl. 291. The reduced chlurinau-d ethenes all

"Tiave grcatei aqueous solubilities than PCE allowing for higher
total aqueous chlorinated ethene concentrations. As de-
scribed hyCarr et al. (79). if dechlonnatinn rates in source
/ones are sufficiently rapid, it may be possible to substantially
reduce the longevity of the PCt: component of ihe NAJPL and
minimize ihe time rpqviired for "iitc rest oral ion.

Partitioning of aqueous contaminants back into NAPL
source zones presents a complicbting factor in Ihe analysis
of how dechlormation processes effect source zone longevity.
PCI: dechlorination yields the reduced chlorinated ethenes,
TOIL, c/5-dichloroethene (cu-DCKI, and vinyl chloride fVC).
which tend to partition backinto the NAl'L, causing temporal
changes in NAPL composition and the tcuicentraticn of total
ethenes in the aqueous phase. K.adi of these dechlorination
products partitions mure readily to tilt: aqueous phase than
(heir parent compounds, increasing the tlux of total etheiies
from source zones. All of the chlorinated PCE reduction
products «re regulated contaminants themselves, which
neutbbi tales their complete removal from the source fur
remediation to be complete (3).

The objectives of the studies presented herein are to
determine whether dechlorinating bacteria can reduce the
time required to deplete the PtE fraction of a simulated
NAPL source rone, to evaluate the effects of dechlorination
un chlorinated ethene distribution between the NAPL arid
aqueous phase, and to examine the elti'Ct of electron donor
concentration on chlorinated Rthenr removal rates. Hxperi-
ments were conducted in upflow porous media columns
containing a residual NAFL and an inoculum of PCt:-
dechlorinating enrichment culture. Results demonstrated
that dechlorinalion could substantially reduce the longevity
of PCE in NAPLs compared la dissolution alone, but results
did nut establish a clear link, between electron donor feed
concentration mid observed dcdilurmaiion activity.

Materials and Mtthadi
Chemicals, The followinK chemicals were obtained in liquid
form: tetrachloroelhene (99-*-%, Acrus]; "C-tetrachloro-
ethene (lOO^CL, Sigma); trichloroethene (99.5%, Acrosi: cu-
dichloroethene (97%, Acros!; 1,1.1-irichloroethane (99.5%.
AJdrich); tridecaiie (99%, Sigtna); pcntaric [HPLC grade,
Acros); rnethanol (certified ACS. Fisher); and glacial acetic
acid (ACS Reagent, Sigma). Gaseous chemicals obtained from
Trigas included v:nyl chloride (fi%, balance N2! and propane
(99.95%: . Ethene (99.5%; and methane (99%) were obtained
from Scott Specially Gases. PyruvMe (99+%) andpropionate
(99+%) were acquired as sodium salts from Sigrna. Scintil-
lation cocktail (Scinitsafe, Hisher- was jwd for UC measure-
mvnts.

Nutrient Medium. Rt'dfft'nt- grade cheinicala wtre used
in the preparation iif nurr ient nn-diuni. The medium
(ons i s i rdn f thp fn l lnwi i i f i - 400 mx/L NH.CI. -100 ing/i KC; i .
400 n i K / L MnCl,-hH.O. l 40mK/L KH:P(^, 25 mg/LCaCI,-

,. 0 3, (1.5t>.5 mK/l,£nCU 0 r. mg/1.
mg/l. NiCl^-bll*), 0.5 rnp;,'!. N j jMlKt . -^MyO, lib
MI,VO.. JOO mg/l- yeast entrai't, pyruvate (ranging in

2O14«€KV RONMtN'M ls<J.inC£ Si TCCM1OLOGV ,' VOL . 35. NO ID,



O3:OOP P. 03

FIGURE 1. Schematic of columns vMd in **p*riin«fits.
concentration from £.75 mg/L lo 27.51 nig/!.), and NaUCO.i
as needed to buffer the systems (ranging in concentration
from 3.0 to 5.5 g/U-

AnalyUcBl. Gas chromatography was used to determine
the aqueous phase concentrations of all chlorinated ethenes
and organic acids. Quantification of PCE and TCE concen-
trations was accomplished by extracting aqueous samples
(150 /iU In pentane (5 mL) for injection (1 /iU into a gas
chrumatograph (Hewlett-Packard 5890) equipped with an
electron capture detector (ECO). The GC was fined with a
VOCOL capillary column (60 m * 075 mm ID, 1.5 urn film:
Supelco), and the temperatures of the oven, Injection port,
and detector were maintained at 100, 200, and 300 "C.
respectively. Helium was the carrier gas (8 ml./min) and
nitrogen was used as the auxiliary and anode purge gas (56
mL/min). Standards were prepared by addingfejiown masses
of PCE and TCE dissolved in mrthanol to vials containing
pentane (5 mL) and deioiuzed water 1.150 ^L). All samples
were spiked with an internal standard of 1,1,1 -trichloroethanc
(final concentration of 415 nig/10 prior to the analysis.
Nominal aqueous phase detection limits for PCE and TCt
were 10 and 60/jg/L, respectively.

Headspace analysis was used to quantify methane, eihem-.
cfj-DCE, and VC. Aqueous samples (5 mL) were added to
serum bottles (70 ml,] crimped with Teflon-lined butyl rubber
septa. Propane (100 ftL) was added as an internal standard
prior to analysis. Each sample was allowed sufficient
equilibration time, after which headspace samples (100 uL)
were directly injected onto a CC (Hewlett-Packard 5990)
equipped with a flame ionizaiiondetector (FID] and a packed
column (fi ft x l '8 in. OD) containing60/80 Carbopack B/1%
StMOOl) (Supelco). The operating parameters were as fol
lows: 40 °C, hold 2 min., ramp at 20 °C/min iu 150 °C, ramp
ai 10*C/min. to 200 "C. hold 10 min. Thedetectur temperature
was act at 275 °C and the injection port at 200 °C. The fluw
rates for the gases were as follows: helium (12 mL/min.};
hydrogen (40 mL/min.}; and zero air [40U mL/min.). Stand-
ards we re prepared by adding cis-DCK dissolved in methanol
and VC, ethene. and methane gases, all at known volumes,
to a serum bottle (70 ml.) containing deionized water 15 mL).
Nominal aqueous phase detection limits for cii'-DCE and VC
were 200 and 5C^g/L. respectively.

Acetate, propionate, and pyruvate were quantified liy
direct injection of aqueous samples onto * GC (Hewlett-

Packard 5B90) equipped with a 1;IU and a packed column (6
ft. xl /B in. OD) containingSO/100 Porapak QS (Alltech). L>J ring
the run the oven was isothermal [190 °Q, and the injection
port and detector temperatures were maintained at 215 and
225 "C, respectively. Gas flow rates were as follows: helium
(20 mL/min.); hydrogen (40 mL/min.]; and zero air (480 mL/
min.). AJ1 samples were filtered 10.5 «m) during sampling
and were acidified with !ifl% HjSO, (20 pUmL] prior to
injection onto the GC. Standards wern prepared gravimetri-
eally in deionized water and then diluted to ihe de&ired
concentrations in separate vials with deionized waitv
Standards were run daily and acidified before injection.

Radiolabeled I4C ethenes were measured daily by adding
aqueous samples (5 mL) to scintillation vials (20 mL)
containing scintillaiion cocktail (10 mL) and run after a period
not less than 24 h in a scintillation counter (Beckman LS
6500). Blanks containing only the scintillation cocktail were
always counted in conjunction with the samples for cor-
rection purposes.

Determination of P«rtitlonCo«ulclents,lndecaiie/water
partition coefficients 0^"") with units of (L-tridecanelL~
water} for PCE, TCE, andcis-DCE were previously determined
by Cut ei oL (J9). The tridecane/walvr partition coefficient
for VC was determined by contacting deiurtized water (20
mL} with a VC/NZ head&pace in a serum bottle (160 mL). The
system was allowed to equilibrate, and the dissolved VC
solution was divided into two bottles, the first being a control
(5 mL) used to quantify the initial VC concentration using
GC headspace analysis, and the second sample (IS mL) was
added lu a serum bottle (15 mL) that had been capped with
a Teflon-lined butyl rubber septum and aluminum crimp
cap. After sealing the bottle, tridecane (i mL) wast added
displacing an equal aqueous volume. Samples were ihen
placed on a shaker table at room temperature (24 °C ± 0 57}
for a period of at least 24 h. Following equilibration between
the two phases, an aqueous sample 15 ml) was analyzed for
VC by headspace sampling on a GC The difference between
the control and the water in the \APl.-systern allowed for
me determination of the VC tridwai it .'water partition
coefficient.

Column Design- Experiments were earned out HI t ulumns
as depicted in Figure I. Columns were glass (25 cm x 2.f> «-tri

VQL 36 NQ. 10. JM I/ENVIRONMENTAL SOENCE *
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TABU 1. liionnitton on Conriitin of lidividual Cobnuts
column

column volume (mL)
pore volurriH (mil
porosity
flow rate (mL'hi
residual NAPL 1%)
pyruvats concn (mW

low donor
concn
ELDCI

167.0
60.6

0.36
0.842

163
25

intermediate
don or con en

(10 C]

150.6
54.4

0.36
0756

14.S
100

high donor
concn
1HQCI

150.0
b3.4

0.36
0.742

12.5
250

fitted with sarrn?. (Riff University Support Shop) attached
ID each end with ;i thrt-arird polymer collar and !;eaicd with
viton O-rin^s l \nier inn Packing and Gasket Coj Hnrh
t'lidpicce accepted Swagelok finings to allow connection of
both Teflon tubing and a glass sampling port with Teflon
stopcock (Mice University Support Shop) to the column.

Each column was packed to capacity with 500-750 um
diameter glass beads (Polysciences, inc.] In an alternating
fashior betwet-n the addition of glass heads (1 cm thick lifts)
and the introduction of deium-zeH water to fill the pare spaces.
A rubber mallet was employed to vibrate the column after
each lift of beads was added, \ielding consistent final
porosities of 0.36 Each column had slightly different tola!
volumes and corresponding pore volumes, hut individual
flow rates were adjusted to yield a retention time ot 3 days
(see Table 1).

NAPL Preparation. A mixture of tridecane and labeled
UCPCE wa* prepared to simulate a PCS-containing NAl'l
I ha: consisted ol an msulublt: and recalcitrant organic
fraction—very similar to the formulated NAP!, used ii>
previous stud it's (J9), PCE. which contained .1 ratio uf
unlabeled ;ind '*(" fractions of 94 tn I, was dissolved in
tridecane to ;i final weight fraction of 0.12 g HCE/g !\APl
(0 13 tuoj PCE/iiLol NAJ'L, based on an average molecular
weight of 182 g/mol). The NAPL was dyed to a visually
distinguishable red tone with Sudan III to make mobilized
N API, product di-teciable. The density of the NAPL was 0.01
g'mL, and the specific activity was 6.23 x 10s DPM/rnL.

NAPL Flooding/Flushing and Start-Up. After column
packing was complete. NAI'L was added to each column in
adownflowm an net in order 10 avoid gravitational fingering.
NAPI, (approximately 50 ml.) was added through Teflon
tubing that extended from the top nf column that was affixed
to a glass-barreled syringe (50 mL) with Teflon plunger
(Supelco). The Teflon utbing at the bottom of the column
connected toa separaiory funnel for collection and separation
of the deionized water and NAPL. The influent NAPI. was
pumped at a rate of | tnUrnin.. (Harvard Apparatus syringe
pump. Model 22) through the column, and the NAPL was
visually tracked until it exited the column from the effluent
tubing.

To obtain a residual NAPI., the flooding was followed by
drionued water flushing to mobilize free NAPL. The flushing
was earned Out in an upflow manner to achieve uniform
flow through the column and 10 minimize channeling. Each
column waj. flushed with Ul water 110 port1 volumes) al
progressively lower flow rates (pore volume* 1 4 at 4.0 mL'
min.; porr volumes 5-8 nt 2.0 mUmii i ; pore volumes 9- 1(1
at 10 mL/mii i . ) unt i l no NAPL was observed exiting the
folumn. The contents of the separaiory rimtitJ readily
separated and wen: quantified gravimetrically.

iiach column was it-It undisturbed overnight I \2 h with
no (low) to iUlow for potential NAP!, reclisu ihu t iun prim to
iht!inn:robi<tl mnculauun I'ho inoculum consisted of a nriiMii.!
culture of doctilormating and mcihanogenic bacteria 'Jut

has been used in previous studies . Sf'n. Thret- pore volumes
of thr inoculum were introduced TO rlir column in the samr
manner as the PI flushing al flow rater; of 4.u. 2.Q. and i.O
nil.ymm. for the first, second, and third pore volumes,
respectively. Small volumes of NAPI. were mobilized during
ihe inoculation and again gravimetricatly quantified. Once
iln- inoculation was tuni|iieie the ir j t r ienl medium flow,
which had been 3eparated between two syringes in eliminate
in syringe fermentation, was started. Onesynnge eomained
only election donur tpyruvate) in del united water, while the
other contained the remainder of the nutrients and sodium
bicarbonate buffer in deionized water.

Protocol for Column Experiments. Threebiotic columns
were mi roncutrently each with idenucal operating pa-
rameters but far the concent rat ion uff fk-nron ilonor. and
sodium bicarbonate in the nutrient medium. Pyrtivatc
concen-.r^tions were 25,100, and 250 mmol in the nutrient
medium for columns low donor *:uficontrat;oii (I.DQ,
intermediate dunor conrctitratiuti (inCl, and high demur
concentration (HOC), respectively Sampling coin»ieiif.ed 1
day after the introduction of the medium Samples (5 mL),
for MC anal>sis, were collected daily, while chlorinated
ethenes and organic acids were sampled evpry 3 days (OIK,'
sample for each pore volume uiroughpml. Doily pH meas-
urpmpnts of column effluents were made, and sodium
bicarbonate concentrations were adjusted to attain a similar
range of pH in all columns. All samples were drown from the
Rlass sampling port on the top of the column usinga stainless
steel needle (Popper. 6 in., 22 gauge) ana gaslight syringe
(Hamilton 250 fiL locking or Hamilion 10 ml.) Hach column
had dedicated sampling instruments that were rinsed in
medianol and deionized water utter every use. Nutrient
medium was refreshed every 6 day* by exchanging empty
syringes with new, full syringes (0-1). t>0 mL'. To prevent
backflow during the exchange the fwu-way valve at the
bottom of the column was closed until the syringes with new
media were in place.

During the flrsi2 weeks of operation small NAPL globules
were observed in column effluent. 'Hie red globules were
rasily detected visually, and the phases were separated in
the separator^ funnel. NAi'L volumes were gravimetrically
quantified and residual saturation values updated based on
the NAPL loss.

Trapped Gas Measurements. Aftev 75 days of operation,
the influent medium was replaced with NaOM {1 N) to halt
biological activity and to provide an estimate of the volume
of caibon dioxide gas trapped in each column. Flow rates
remained the Mime as those maintained during the experi-
meni. Three days were allowed lor one complete pore volume
of sodium hydroxide to be pumped into the column. The
difference between the volume added to the column and
volume removpd from the column during this period was
assumed to be approximately equal tn the volume of carbon
dioxide gas trapped. In each column at ihe experiments
end point.

Column Dissection. Hach column was subjected to
cryogenic dissection following the sodium hydroxide flush,
in an attempt to gain an understanding of dechlorination
and dissolution patterns Columns were dissected into three
equal pieces: top, middle, and bottom (each -8.3cm long).
First the aqueous phase from the mtumn was drained and
sampled to emure that the NAPL had remained napped in
the pore spaces of the column, Aflur draining the aqueous
volume each endpiece was capped with a Swagelok plug
fitting, and stainless steel pip<: clamps wure attached yi
locations along each column to provide resistance against
expansion during freezing. The columns were delineated intc
sci'iion* of equal lenRili and ihun pi.iced in it freeze! ( 20
'O fur -A jwriod nf not less than 24 h. This (rr./t-n columns
were scored at the indicated marfcs and broken usinp a
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fulcrum and hand-pressure. The column seciion was then
immediately placed into a sampling jar (Qorpak, 16 oU
partially filled withlridecam,' (100 ml,), sealed withaTeflon-
lined lid. and plated in K fte.ei.et. After all the dissections
were complete, jarb were allowed to warm to room tem-
perature. Samples were thoroughly mixed to ensure complete
dissolution of the residual NAl*L into the much larger volume
of tridecane solvent.

Measurement of Activity and Chlorinated Concentra-
tions by Section. The chlorinated ethenes were quantified
by gravimetric sampling of mdecane from each' jar with utj
activity counts made with the method outlined previously.
To determine the distribution of the various chlorinated
ethenes, deionized water (15 ml.) was added to a serum bottle
[15 mL] followed by the addition of a tridecane sample from
each column sample (ar (5 ml.) to displace an equal volume
of deionized water resulting in a vohiir.etric ratio of 2.1
between the aqueous and tridecane phases. Serum bottles
were placed on a shatter table at room temperature for a
period of 12 h. Aqueous phase samples were analy7.«i by Ci("
in quantity chlorinated etheiies. Paiticion coefficients were
then used lo compute the mass of each constituent in a
particular column seciion.

Results
Determination of Partition Coefficients. Dimensionles;,
partition coefficients for PCE. TCE. and cis.DCK were
previously determined experimentally by Can et al. t/9). The
results reported were as follows: K££ = 3060; K£s = 395,
and K%£ - 94. In this study the VC tridecarte partition
coefficient was determined experimentally and found to be
K£<" = 4.0.

Column Experiment*. Gas Production and pH. Gas
production in each column commenced shortly after in-
oculation. Small gas bubbles collected and became I tap pod
in the pore spaces, visible through the glass column walls.
However, dissolved effluent methane concentrations re-
mained near zero throughout the experiment for all columns,
indicating that the gas was primarily carbon dioxide.
Estimates of the volumes of trapped COj in each column
roughly correlated to the amount of electron donor added
to each system. Columns LDC, 1DC, and HOC contained
approximate gas volumes of 4.0, 11.5, and 14.5 ml, respec-
tively. These volumes relate to pore volume percentage as
follows: LDC (7%of pore volume), IDC(21%of pore volume),
and IIDC (27% of pore volume). Increasing gas volumes
yielded higher seepage velocities than calculated assuming
a two- phase system (aqueous/NAPLl absent of any residual
gas phase. Daily effluent pH measurements fell within the
range of 6.3 -6.9 for all columns over the entire experimental
penod,

Organic Acids. Influent pyruvate was partially or fully
fermented to prnpionate and/or acetate for all columns as
seen in Figure 2. Complete conversion of pyruvate to acetate
and propionate was achieved from the outset in columns
LDC and 1DC Over the course of the experiment column
LDC had effluent electron donor concentrations that were
predominately acetate (91%] with the balance present as
propionate. A similar comparison of column (DC shows thai
pyruvate was fermented to acetate (78%) and propinnate
(22%), with no measurable pyruvate in the effluent A different
pattern was observed for column HDC which had a microbial
comrnunil y that continued to improve its fermentation ext Mil
and rate over th* experimental period. For the first half of
the experiment approximately half of the influent pyruvate
was exiting the column unfermented with the balance exiting
as acetate. By day 38, increased activity led to effluent organic
acid concentrations increasingly dominated by acetate am)
propionate (which had not been measured above trace levels

].,- -

in

0 O 8

ft «

FIGURE 2. Temporal iqiMous phiu orflanic acid concintntiont:
(•) column LDC, IB) column tDCr and |c} column HDC. Th« lollowi ng
tymlwli ire contisttiit in »H pwtli: icMitt {*), prapionttt (D),
•nd

before day 36) By the end of the experiment, effluent electron
donor was composed of acetate (85%) and propionate (14%)
with only trace levels of pyruvate remaining.

Chlorinated Etlienes. "Hie chlorinated ethenes concentra-
tions from effluent samples are presented in Figure 3.
Extensive Jechlorinatwn began al the outset of the experi-
ment in. two of the diree columns. However, the quantity
and extent of halorespimtion tlid not correspond to the
quantity of electron donor added to each system. In all cases
decruorination ceased with the production of VC; ethene
was not observed in any of the systems.

Results from column LDC are presented in Figure 3a.
Relatively large quantities of VC were present in the column
effluent through day 27. These substantial VC concentrations
observed early in the experiment were not sustained.
exhibiting a rapid tailing following the maximum concentra-
tion on day 24. Accompanying the decline in VC concentra-
tion was a gradual increase in effluent TCE concentration
until the experiments' endpoini. Higher ds-lXtR concentra-
tions were also observed starting at day 34, peaking at day
']$, then falling slightly, and remaining nearly constant for
the final 21 days. PCti concentrations remained near the
predicted equilibrium value over the entire experimental
period.
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FIGURE). Temporal iqiiBOiu phi** chlorinated tttwrw concentra-
tion* It] calumn LOG. ib) column IDC, •nd Ic) column HOC. The
fallowing §v»*oli »re continent M all pBiwIi: PCE (*k TCE |D),

nMlon,
tolubility ot PCE *xilin| columns without any dichlari-

The data fur column IDC arc shown in Figure 3b and are
similar to column LDC data tor the initial 2 -week period but
exhibila more rapid decline in VC production. Apronounced
change in the effluent chlorinated ethenes occurred at day
24;TCr. concentration mote than doubled from the previous
sampling, and PCE was virtually absent in the sample.
Following this change, 1"CE cnncemrations increased tu levels
about half that expected from equilibrium dissolution alone
and remained MI from day 30 to 75. TCt conceniraiiuns
continued 10 increase from day 24 to the end of ihe
experimental period with the highest concentration measured
at die final sampling -day 75. The production of ds-DCE
was lower than that observed in column LDC and was
consistent throughout the second half of the experiment (days
38-75).

Much difh-ri'iit results wi:re obbervtxi lor column I IDC as
can h« scon in Higutt: ,ic. Willi the exception of limited VC
production iMily in the study, the imiy observed removal
was due to I'M dissolution. The concentrations of PCt
remained near the theoretical equilibrium prediction (dashed
line) for ihe entire experiment.
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FIGURE 4. Cumulative moln of chlorinated llhenas colltcted from
alt thrH columns LOG l«|. IDC IG), HOC [A), and removal baied on
PCE dinalutiofl only (O).

TABU 2. Finil Chloriiiiletf Ethenes Mass Bilanct tar "C
Aialysis

column
LOG (%) IDC (%'i HOC 1%)

1*C NAPL removed (flushing)*
MC removed (effluent]6
14C remaining
mass balance

62
5

11
98

85
4
9

97

86
1

12
99

•Removal during the initial aeioniied water flushing plui
removed during the first 1wO experimental wefttts " Disiolvfld chlori-
nated «henes, equal to the cumulative removal

Cumulative chlorinated ethenes removed from all col-
umns arc displayed in Figure 4. Significantly enhanced
removal was achieved in columns LDC and H)C Column
HDC was just slightly more effective than removal by
dissolution alone despite the large quantities uf electron
donor added to the system. The cumulative fhixol chlorinated
ethenes removed from column LDC and IDC was far greater
than I'CE dissolution under abiotic conditions, with en-
hancement factors (total moles of removal divided by moles
of removal due to PCE equilibrium dissolution only) of 6,5
and 5.0, respectively. The enhancement factor for column
HDC was only slightly greater than unity at 1.3.

Column DlMCCtlon. Results «f 'HI mass balances, com-
pleted Hi'ter analyzing column sections, am presented tn Table
2. Each section was also analyzed to determine the chlori-
nated constituents distributiun within the columns. The
column sections were analyzed for total UC and to determine
Ihe relative fractions of PCE and TCh in each section. These
data is shown in Table 3. The remaining chlorinated ethenes
weie either not present or at too low a concentration for the
GC techniques employed. If present, their low concentrations
would make them only trace i-ontributors to the total
chlorinated .suUeni mass remaining in the systems.

Each column othibiied different trends that may have
buen influenced by several variables including both biological
and physical/chemical factors. As CAJI be seen from the data
in Table 3. column LDC had a distribution of chlorinated
ethenes that was highest toward (ho bottom of ilie column.
TCE concentrations were highest at thr column base, and
overall more than •/1 or the totaU'htnrinau*:! ethenes (added
as PCE} remaining in the column hail lunm reduced to TCE
Column HUC also exhibited the highest com-t'ntratioii ot "C
elhenes in the unltom section, alihou^li \w 1CL was detected
in tin.' column- A much uiffeicnt palu-rn was evidt-rtced in
column IDC. In ihis case iri<- hnttom srru-m was iru- most
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TABU 3. Ctlumn Chbrinatetf Ethtus by Section

section
UC fraction
fraction as PCS
fraction as TCE

lop

025
079
0.21

LDC

middle

0.35
0.7C
0.3C

bottom

040
0.59
0.41

lop

034
O d l
0.59

IOC
middle

048
0.05
0.95

bottom

0.18
0.20
0.80

lop

0 2 1
1 CO
3.00

HOC
middle

024
1 00
0.00

bottom

055
1.00
0.00

rtepietcd section in the cnlumn. ArnaionryofihcHCorheTies
and chlorinated mass was contained in me nudctlc culumn
.serrinn with s,gnificant quantities also residing in rhe :np
third of the column. At the end ot ihe 75-day experimental
period almost 80% of the remaining chlorinated elhenes
dissolved in the NAI'l. was TCK

Discussion
Thi- objective of this rt-search was to determine the effect cf
dccrilormaiing barter la on the fate uf PCE and its reduced
products HI the presence (if PC£-con taimnfcNAPLs in column
systems. The determination of the final iridecane/water
partition coefficient of VC was important for understanding
the compositional changes in the NAPL over the experimental
period. Partition i:oeFficients decrease as the chlorinated
ethenes hecamc more reduced, corresponding to an increase
in their aqueous solubility. A result of this behavior is an
Increased removal rate from a source zone for more reduced
chlorinated ethenes relative to PCE, Hence, total removal oi
chlorinated ethencs is strongly dependent not only on the
rate of dechlorination hut the extent as well.

Column experiments were designed to quantitatively
describe the effect (if de'-'hbrination on the removal of
chlorinated ethenes from a NAPL source zone compared to
theoretical dissolution alone. The experimental design
simulated a medium-to-coarse giaincd sand aquifer with a
groundwaier velocity of fi cm.'day. containing a residual
\API-. The NAPL ust'd for these studies consisted of labeled
4c;-PC!E:dnd a conservative hydrocarbon to imitate a mixed

organic waste, very similar TO that used by Carr et al. (19).
This composition was chosen based on the observation that
nsany chlorinated solvent spills occur in thepresence of fuels
or other organics (2, 5. 30}. The large mass of insoluble
triderane served to create A NAPL that would undergo only
minor volumetric reductions over the course of the experi-
ment—serving To reduce the potential for NAPI. redistribution
that might be expected following volumetric losses.

Early gas production in all three columns indicated
biologically active systems. Collection of gas in the port-
spaces reduced the effective volume of each column, most
severely impacting column HOC. The reduction in available
pore space did noi appear to inhibit the contact between the
microbes in the aqueous phase and the chlorinated ethenes.
It did, however, serve to increase the flow velocity through
the columns. Methane was detected only at low-levels
indicating thai methanugenic activity was not competing
significantly with ihe dechlormatmg bacteria for available
hydiugen. Efllutrni pH fur all columns was lower than that
observed in thu inoculum culture, but it was generally within
the viable range fur di'chlorinating bacteria IplI 6.4-7.2).
The only aberration from this ranye was ixjlunm HDC lha(
had pH values near 6.3 fur the first 2 weeks of the experiment.

Organic acids data indimte that proper growth conditions
tor iht- f t-rnr-iumKbiUiena were present in all columns. The
balance between ih<* intlueni organu- acid (pyruvate) and
ih« cfHuc-nt amis i.ux-uuc, propiunate, pyruvate) show tliai
on average 91% of the influent organic acid was measured
in ltu: effluent iirml/mnl), Mjme loss of carbon is expected
for incorpuratum into cells, thus il appears thai acctaii.'w;is
not l ikely an election dcmor for dechlorination activity, as
lias beOfi OUM-I\I-C| l>y nihei.s ((>, It-Ill), h'uriliei support nf

rwwnunon pnducu
'1H, t 2 CO,« C,HA~ * 3 HflW
[4 H- * CO, *+ C,H,Oi" - 3 M,0]-[l -v j

FIGURE S. Equation dev«lop«d la cilcutila hydrogen production
based on the Irnciian of propionatt produced (jj. Th« aquation
•ssumas no microblal growth Mid retladi obttrvations oi no
hydrogen consumption by hydroganDtropkic bictaiia.

TABLE 4. Cilculflteri Hydrogen field is • Fraction of Orjanic
Acids Formed

(iiopionau
Nictim (yt

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

KHKe
friction (1 -yt

1.00
0.90
0.30
0,70
0.60
0.50
040
030
020
0.10
000

hydrofen yield
(mmol/mmel pynivete)

1.00
0.70
0.40
0.10

-0.20
-0.50

0.80
-1.10

1.40
-1. 70
-2.00

tliis observation comes from studies involving this particular
culture Idaia not shown) that have confirmed that acetate
does not support ilechlonnation activiiy(jj). In fact, effluent
acetate concentrations in column Ll)C were often greater
than the influeni pyruvate (mot/mol) suggesting that an active
acetogenic population was present. The behavior of column
HDC indicates that the iniiitil population of active fermenting
organisms could not ft illy utilize the influent pyruvate. and
much of what was in the feed simply washed out of the
Lolunin. Over the course of rhe experiment the fermentative
population became more robust, and by day 70, pyruvate
was completely absent in the elfluent.

Analysis of the organic acids data provides information
on estimating hydrogen generation using the equations
shown in Figure 5. The combined equations for pyruvate
conversion to propionate and acetate yirMed a single
equation (eq IV) That was used 10 calculate (he quantity of
hydrogen produced in each system using only the organic
acids data and influent electron donor continuations.
Equation IV rests on the assumption that ail pyruvate is
fermented to either acetate or propionate in the absence of
niethanogeiwsis (this is not rigorously correct as it nt-glens
growth). Total hydrogen production is cihtained from the
product of hydrogen yield from eq IV (mcl/mol pyruvale)
and ihe concentration of influent pyruvate in the nutrient
medium. To correct tcir incomplete fermentation of ihe
influent pyruvate in column MIX1., Ihe com mica tiun was
scaled in i-quni the pynivfiic added minus thtjcuncemration
ot that measured in the ef f luent As can be seen in Table 4
I lie (Jisinhiiium of fermentation products ss extremely
i inpon ant to the available hydrogen in tlie system. When [in-
fraction of fermentation products bt:i:om«s greater than '•! j

. llic system will actually rcqiiunliydiugtin inputs*
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than produce hydrogen tn he used in rudunive
(Icchlnrmation.

L:ach of thrthrr(noluimisp:cuuced significant amounts
of hydrogen Iron the fermentation of the influent pyruvatc.
Predict umstiwr the 7!i-day experiment shciwtnJ thai columns
LDL, 1DC. niiJ HDC produced 28, 49, and 163 inn .n l of
hydrogen respectively. Methnn<*gciiesis was not & *ignific;mi
rompoticoM'or the hydrogen, so a majority of the hydrogen
produced was presumably-"available" fur dechiorinauon.

Dechlorination WHS observed in all columns during the
initial 10 day period, but the activity continued only in
columns LDC and IDC after thai time. Based on observed
extents of dcdilcrinauon n appears that ail three columns
experienced some washout of dechlorinating organisms aver
irie t:cmrse of theexperimeiit. Column HDC was most beverely
affected, with washout removing essentially the entire
dechlormating population oarly in the experiment. Roth
columns LDC and IDC appear to havt washed out a majori ty
of the m-DCE degrading organisms by the midpoint of the
experiment (day 3<i; while retaining the organism(s) respon-
sible for PCt and Tf'F, dechJonnation. This result ii noi
surprising based on the slow growth rates uf cw-UCE
degraders that havy been observed in highly purified enrich-
ment cultures in our laboratory (31}. The timing ot the
washout of ciJ-DCF. de^raders was crucial to cumulative
ethenes removal-primarily due to the high concentrations
of VC that were produced and the significantly lower partition
coefficient of VC compared to the-other chlorinated elhcnes.
The more rapid washout of the dechlorinaiing organisms in
columns IDC IciYDCi; degrades) and HDC (all dechlori-
natorsl appears to be related to the t:Oa production and
retention within the columns. The increase in flow velocity
for columns IDC and HDC was 21% and 2B%, respectively;
compared with an increase of less than 10%forcolunm LDC.
The significantly different behavior ot the columns IDC and
HDC may also be d result of slight pH differences iib^n/ed
early in ihe experiment rhat may have yielded less than
opiimal growth conditions in column HDC.

Data of total chlorinated Hhenes removal indicates that
column LDC achieved the highest removal levels in effluent
samples over ihe 75-day experiment, Column [DC also
exhibited removal of chlorinated ethenes that was far above
thai from PCE-dlssoluiion alone. Interestingly, a longer
experimental period would likely have shown even greater
enhancement in column (DC. By the end nf the study, the
effluent contained i-levated concentrationsof TCE. evidence
of a NAPL that was considerably enriched with TCE. High
aqueous TCE concenti aiiuns have the potential to select dir
di-DCE production, which in turn would have greatly
enhanced the rate of source depletion.

Column dissection results supported this theory, indicai-
ing that column IDC had depleted a majority of its PCE. Tlic
hu!k of the initial PCH remained in the NAPL in the form of
TCE. As TCE was transported in the column, it was retained
in the N'APL due to its high partition coefficient. Column
effluent data did not reflect this large production of TCE
until all uf the NAP!., extending from the zone of dechlori-
naiioii at the l>ase through ihe top of the column, developed
elevaifd TCE Irvtla capable of yielding Hie high effluent
aqueous phase tomemrations observed by the end of the
experiment.

Information gathered in ilu- column dissection studies
suggests Hint significant spatial variations existed in dechlo-
nnation pattrrn among columns. Column [.DC appears to
have dechlorinaied primarily from the top of the column,
perhaps progressing down th*- co lumn ovrr the course ul
Ihe experiment, wherca* column IDC depleted the ban,mi
scaion of PIT mil mlly and had u large mass of TO migrating
upward wild ihe llnw ol fresh niitnent medium entering ihe
tiase. Unfoniiri;iiflv. Ihe spaiial and iempo:al vanubil i ty in
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dechlcmnaticjii made hiomass dL-lemiuiarutii^ and kinetic
analysis unreliable, and dissection uf :ho cohmitu provided
data only on the total reduction of I'Ul in I!IP various less
chlorinated ethencs.

efficiency (the friction of hydrogen ustU for
in lelation to the predicted totaj hydrogen

as a gaugr of perfrrmanri: for each column
was conducted using calculated hydrogen production and
measured total PCE reduiuon. Hydrogen use efficiency
calculations for columns I.DC, IDC, and HDC were 13%, 7.0%,
and 0.1%. respectively. The observed efficiency decrease thai
accompanied increasing influent pyruvate concentrations
occurred as expected, paruculariy for column HDC which
exhibited almost no tlechlorination activity

Despite the more efficient performance of column LDC:
wiihreRaxd to hydrogen utilization. Oie fraction of chlorinated
ethenes remaining in the NAPL was predominately PCE (68%)
with the balance as TCE. Column JOG, alteynatively, had
lower '-.ydroKcn use efficiencies, but PCE at counted for only
20% of the remaining NAPL chlorinated tihenes, a^ain with
the halanc* as TOli. The conversion of PCt to TCE results
in a partition coefficient tBduction that decreases the
longevity of the contaminant by nearly fl-folU. In the worst
case scenario where dechlorination ceased after 75 days
complete chlorinated ethene dissol'ition would have been
achieved (assuming nc mass transfer rt'sistances) in 6L7days.
15fl days, and J 135 days for columns I.DC. 1UC. and HDC.
respectively. This may indicate benefits to adding an amount
of electron donur far beyond stoichio metric requirements,
at the expense of efficient hydrogen use, although It may be
possible (based on results from column HDC) to add
detrimental levels of electron donor.

Column studies demonstrated that dech4Qrinan>Jjac-
^ significantly^iupacT thp

NAPL suurce zones. The reduction of PCT to less
chlori i uted etlTenuigreaily in creases the aqueous solubility
of the contaminants in conjunction with increasing the overall
mass-transfer of PCE to the aqueous phase. As shown by
dm et aJ. (/.9), the partitioning behavior of the terminal
chlorinated ethene was essential in evaluating the longevity
of the chlorinated ethene fraction of ihe NAPL. longevity nf
a source zone will be diminished by greater extents of
dechlormaiiun; however, the heterogeneous nature of the
NAPL within llie columns resulted in effluent analysis that
yielded only information representative «f NAPL/water
equilibrium at the exit of the column. Thus, effluent samples
did no) reflect significant amounts of PCH reduction taking
place, which could only be confirmed by Ihe final destructive
sampling. Cumulative removal of all chlorinated ethenes from
the columns was not corrftlated to the influent pyruvale
concentration, and if the observed results are accurate it
appears that it may tje possible to add excessive levels of
electron donor. Efficient use of electron donor has been the
subject of much interest in plume- remediation where the
volumes of water to tw treated arc much larger, and
amendment costs are important in evaluating the economic
viability. The smaller volume of source zones compared TO
plumes- and the potential cost-savings realized by reducing
'he titnea remediation sysit-m needs to operate after asouife
is exhausted of contamination— may make efficiency criteria
tests important. Ultimately, the tradeoffs between substrate
costs and the remediation operation time frame need to be
ana!y7ed. with the best sohiiinn optimizing the iwo paran!-
etttrs to obtain a cleanup siratt-gy offering the lar){*jsi net
benefit/cost ratio. The ability of dochlttrfnatm* m Emw *i
high aquecus ftmceiiiratigns lyvcr> ai^aru ration) of PCE.
cqupkcf with igsuiu frum this sutd> , suggest that
iinalysis be conduciivj to evuluauMhe j!.-i.bjliw
bioremediation as a strategy iu theduraiion
term NAPI. prohlemsT
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Remediation of DNAPL through Sequential In-Situ Chemical Oxidation and Bioaugmentation

Purpose:

Previous studies have demonstrated that naturally-occurring bacteria can be added to aquifers to promote
anaerobic biodegradation of chlorinated solvents to environmentally-acceptable end products such as
ethene and chloride. To date, the impacts of permanganate and reduced manganese-oxides on the activity
of these dehaiorespiring microorganisms have not been assessed. This project will demonstrate the
application of a sequential treatment approach for sites with chlorinated solvent dense non-aqueous phase
liquids (DNAPL) that uses in-situ chemical oxidation with permanganate coupled with enhanced
bioremediation. Coupling these technologies provides a cost-effective remedial approach that can 1)
substantially increase the dissolution rate of DNAPL and accelerate DNAPL removal and/or 2) contain
plume migration by rapidly degrading the high concentrations of dissolved phase contaminants that
emanate from the DNAPL source.

Description:

The initial phase of this project will include a treatability assessment using uncontaminated soil spiked
with perchloroethylene (PCE) DNAPL. The laboratory study will evaluate the impacts of chemical oxidation
on the inorganic geochemistry and microbiology of the aquifer materials and the need for aquifer pre-
conditioning prior to bioremediation, determine whether dechlorination of PCE to ethene may be
accomplished through either biostimulation of the surviving indigenous microorganisms or
bioaugmentation with a dehalorespiring bacteria consortium, and identify optimal conditions (electron
donor and concentration) for biostimulation and/or bioaugmentation using an accepted dehalorespiring
microbial culture. In the second phase, a Department of Defense (DoD) site will be selected for a field
demonstration. Site-specific data will be used to design a closed-loop groundwater recirculation system in
a DNAPL source area. Groundwater will be circulated through the treatment zone under a variety of test
conditions including 1) baseline (non-biologically enhanced using unamended groundwater), 2) oxidant
addition using concentrated permanganate solution, 3) electron donor addition (biostimulation), and 4)
electron donor addition plus bioaugmentation of dehalorespiring microorganisms.

Benefits:

This technology demonstration will result in the development of an innovative in-situ remediation
approach that will allow cost-effective and expedited cleanup of DNAPL source sites at DoD and related
facilities. As a stand-alone technology, chemical oxidation provides significantly enhanced dissolution and
destruction of the target contaminants within a relatively short period; however, the rate of mass removal
by this technology diminishes over time. At many sites, the most appropriate use of this technology may
be rapid removal of accessible target DNAPL mass within the source area followed by the implementation
of a less active in-situ remediation approach (enhanced bioremediation) to contain migration of the
remaining dissolved phase contaminants.

Contacts:

Technical Contact:
David Major
GeoSyntec Consultants
160 Research Lane, Suite 206
Guelph, Ontario NIG 5B2



Telephone: (519J 822-2230
Fax: (519) 822-3151
Email: drnalor@geosyntec.conn

DoD Liaison Officer:
Mr. Lance Hansen
U.S. Army ERDC
3909 Halls Ferry Road
Vicksburg, MS 39180
Telephone: (601) 634-3750
Fax: (601) 634-4844
Email: han5enl@exl.wes.arrny.mil
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4 Mark Road Suite C, Kenilworth, New Jersey 07033
(908) 206-1250 / (908) 206-1251 Fax

coTitact@geocieanse.com

Since 1993, Geo-Cleanse
International, Inc. (GCI) has worked
to become the premier chemical
oxidation company. As the chemical
oxidation field continues to evolve,
GCI has expanded our services to
incorporate the advances occurring
within the industry, as well as our
own proprietary technologies.

In the coming years, we seek to
continue to be the leader in the
delivery of chemical reagents for
remediation purposes. The patented Geo-Cleanse® Process, a
specialized in-situ delivery system, remains the core of our
business. GCI has expanded our services to utilize other oxidants
and enhancements for injection as well as other treatment
options.

Geo-Cleanse services include:

• Fenton's Reagent Chemistry Injection
• Potassium Permanganate Injection
• Sodium Permanganate Injection
• In-Situ Treatment of Heavy Metals
• Ex-Situ Chemical Oxidation of soils
• Bio-enhancement / Surfactant Injection

These new treatment services enable us to offer our customers
the best alternative for their site-specific remediation goals. The
philosophy of our organization is to provide for our clients the
best alternative to treating their environmental concern while
reducing both their cost and time to completion. Always present
is GCI's commitment to providing quality and reliable service to
our customers.

Free Site Evaluations

If you would like GCI to evaluate a site, please fill out a site
summary sheet and include a site map indicating the relative
position of the plume and some representative soil boring logs.
Please fax this site information to (90S) 206-1251 and GCI will
prepare a ballpark estimate for you.

Site sum in a i



Copyright © 1998-2001, Geo-Cleanse International, Inc.
All rights reserved.
4 Mark Road Suite C

Kenilworth. New Jersey 07033
(908) 206-1250 / (908) 206-1251
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Employment

Steam Enhanced Remediation (SER)

Now large and small sites contaminated with petroleum products, creosote and solvents
can be remediated faster and at lower cost. Steam Enhanced Remediation-Dynamic
Underground Stripping (SER) has changed the name of the game in remediation: We no
longer have to pump-and-treat for decades, or run soil vapor extraction and air sparging
systems forever to control the risks. We don't have to wait for the slow dissolution and
natural attenuation mechanism while properties and groundwater are held useless. This
srte explains how the simple process of adding heat has been developed into a low overall
cost accelerated method for srte cleanup:

• SER is highly effictive for removal of both volatile and semi-volatile compounds.

• Both LNAPL and DNAPL contaminants are removed.

• SER works both above and below the groundwater table.

• SER can be designed with excellent process control and minimal risk using

Electrical Resistance Tomography (ERT).

• Thermally enhanced cleanup is relatively inexpensive: It is now possible to
remediate subsurface DNAPLOs at a cost ranging from $30 and upward per
cubic yard depending on the size and location of the srte.

• Cleanup times are reduced from decades to months due to the fast processes at
higher temperatures, resulting in greatly reduced liability periods (it turns your
contaminated property into a value).

Steam Tech has demonstrated the SER technology at the Portsmouth site in Ohio, as the
sole technology provider. Also, SteamTech participated in the full-scale cleanup at Visatia
Pole Yard (SCE 2000), and the demonstration at Alameda Point (BERC 2000).
SteamTech has been selected as the sole technology provider for the full-scale SER
application at Port of Ridgefield, WA. This is a 500,000 cubic yard site contaminated by
wood-treating chemicals. SteamTech implements an emergency source removal using
SER, thereby protecting an adjacent wildlife refuge, a nearby salmon-rich river, and an
underlying primary aquifer.

What Is Steam Enhanced Remediation?
Steam Enhanced Remediation-Dynamic Underground Stripping is a combination of
technologies previously used separately, adapted to the hydrogeology of typical
contaminated sites:

• Steam injection at the periphery of the contaminated area to heat permeable
subsurface areas, vaporize volatile compounds bound to the soil, and drive
contaminants to centrally located vapor and liquid extraction wells.

• Electrical heating of less-permeable clays and fine-grained sediments to vaporize
contaminants and drive them into the vapor phase (DUS covers the combination
of steam and electrical heating).

• Underground imaging, primarily Electrical Resistance Tomography (ERT) and
temperature monitoring, which delineates the heated area and tracks the steam
fronts daily to ensure total cleanup and precise process control.

• Extraction, separation and treatment of effluent vapors, NAPL, and water on-site

for complete contaminant destruction or off-site disposal.

The major mechanisms in the removal of the contaminants are:

<V*:W*ii
fl'-fji

Fast removal of liquid, dissolved and vapor phase contaminants by physical
transport to extraction wells. NAPL is removed from the extraction wells along
with hot water. Contaminated vapors are extracted from the wells by aggressive
vacuum extraction.
In-situ destruction of contaminants due to thermally accelerated oxidation
processes (Hydrous Pyrolysis/Oxidation and biological mineralization), converting
harmful chemicals into carbon dioxide and water

A R 3 0 3



Figure 1 Schematic showing the
principle of Steam Enhanced
Remediation/Dyn amic
Underground Stripping The
injection well to the nght would be
located outside the contaminated
area. The extraction well is inside
the source zone (modified from
Newmarket al 1994)

For frequently asked questions and answers regarding the efficiency and safety of
SER/DUS, click here.

SER/DUS is effective both above and below the water table, and is especially well-suited
for sites with interbedded sand and clay layers.

Why does heating up accelerate removal so much?
Raising the temperature of the soil and groundwater leads to rapid removal of organic
contaminants due to the following thermodynamic changes (Udell, 1996; Heron et al.
1997; Davis 1997):

• The volatility (vapor pressure and Henry's law constant) increases typically by a
factor of 10-20 for most organics when the temperature is raised from 15 to
100 *C, which dramatically shifts the equilibrium towards the mobile vapor phase.

• Separate phase contaminants (NAPL) will boil preferentially, since the boiling
point of a mixture of two liquids is lower than any of the two individual boiling
points.

• Adsorption to soil particles is reduced by heating.
• Both aqueous and gaseous diffusion coefficients increase (20-100 %).
• Solubility and dissolution rates of the organics increases, which speeds up

removal during pumping of water by up to 5 times (typical 50-100 % solubility
increase from 15 to 100 C, and 2 to 4 times higher dissolution rates).

• The viscosity of liquids such as crude oil, creosote and coal tar will be greatly
reduced, leading to enhanced recovery by pumping.

• Interfacial tension between NAPL and water is reduced, leading to enhanced
recovery by pumping.

The dominant removal mechanisms for volatile contaminants are the increased
volitalization and steam stripping when the mixture of water and NAPL reaches the boiling
point. Excellent cleanup results have been achieved in the laboratory, simulating cleanup
using steam injection and Joule heating for gasoline, oils, creosote, and chlorinated
solvent DNAPLs (Hunt et al. 1989; Udell 1996; Heron et al. 1997, Heron et al. 1998).
Field demonstrations include successful applications to sites containing chemical
mixtures (Udell & Stewart 1989; BERC 2000), gasoline (Newmark et al. 1994), jet fuel
(Udell & Itamura 1995), wood-treating chemicals (SCE, 2000), and chlorinated solvents
suchasTCE(SES, 1999).

In addition to the physical removal of contaminants, in-situ chemical destruction has been
shown to be a major factor (Knauss et al. 1997). This phenomenon (Hydrous
Pyrolysis/Oxidation) is presented in more detail at the page H ydrous PyrgJysis/Oxidatign.

What equipment fs needed?
The major components of the SER technology are: C\J

Injection and extraction wells used for steam injection and liquid and vapor
extraction. Wells have been designed for high temperature and chemical
tolerance. SES uses special grout and well-completion methods based on 30
years of oil field experience and several SER field demonstrations.
Water softening, steam generation and steam distribution system. SteamTech
uses proven technology for steam production, pressure regulation, and
distribution to the injection wells.
Effluent vapor and liquid treatment system. SteamTech designs, builds and
operates custom treatment systems optimized for the actual contaminants,
pressures, and flow rates for water, NAPL, and vapor. The systems include heat
exchangers, condensers, phase separators, vacuum pumps, vapor
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treatment/destruction units (thermox, catox, activated charcoal, etc.), and water
treatment units (for organics and heavy metals).

• Subsurface monitoring system consisting of ERT and temperature monitoring
equipment.

• General utilities, equipment and waste handling facilities. These are well-known
facilities common to environmental cleanups.

SER Scenario
Our laboratory studies and field results indicate that the desired contaminant removal is
achieved when every area in the target zone has been brought up to boiling and held
there for a period of weeks to months. Figure 2 shows the phases in SER/DUS for a
typical site with horizontally inter-bedded sand and silt layers.

• In Figure 2A and 2B, steam is starting to break through in the groundwater,
condensing to hot water at the steam front. Contaminants with very low boiling
points will be pushed ahead of the steam front towards the extraction wells,
pulled by the vacuum.

• After steam breakthrough in the permeable layers (Figure 2C), steam flushes
through and removes the bulk of the contaminants from the permeable zones^

• If the low-permeable layers are sufficiently thick, then either heating for a long
time (months) or electrical heating of the clay layers is needed (Figure 2D).
Pulsed steam injection also helps remove contaminants from the low-permeable
zones, since the pressurization-depressurization leads to boiling and steam
convection out of the clays (Udell 1996; Itamura & Udell 1995).

• Injection of oxygen into the steam zone is used to stimulate degradation
reactions such as HPO and biological mineralization. Cyclic operation is used to
optimize oxygen delivery and mixing.

The strategy for the heating may be adjusted in the course of remediation, since daily
monitoring of temperatures and electrical resistance allows for excellent process control.
Typical adjustments are steam injection pressure regulations on individual wells,
adjustment of the applied vacuum at the wells, and adjustment of the liquid pumping
rates.

rjf layer

ttot wafer
Ste»n o>»c

Figure 2 Schematic showing the heat-up phases in a typical SER/DUS cleanup at a site with interbedded
sand and clay layers

Since every site is unique, SteamTech uses all available data to tailor a well-field and
operational design to each site. As a consequence, every project to date has used
different designs. SteamTech offers consulting and design services on a site specific
basis, since all aspects of geology, hydrology, geochemistry and contaminant physics
must be carefully addressed. For examples of well-field design and operation, see our
full-scale implementation examples on the projects page,

<• Rets,;-1.'; to in-s!iu Rerr-ediai fechnotofjies;

Contact Information: 4750 Burr Street Bakersfield, CA 93308
Phone: 661-322-6478 • FAX: 661-322-6552

Hank Sowers
President and CEO
E-mail: sgwers@steamtech.com A R 3 0 3 I ( 3


